Ischaemia reperfusion (IR) injury is a significant cause of morbidity following traumatic injury and a major complication following transplantation of organs and replantation of severed limbs. The ischaemic phase results in cell death, but if cells survive this insult the reperfusion has further deleterious effects on their survival. Irrespective of measures taken to reduce exposure of the tissue to an ischaemic phase, the inevitable reintroduction of blood flow causes irreversible injury for which there is no treatment. Reperfusion also returns the toxic metabolites to the circulation exacerbating local and inducing distant tissue injury (for a review see Grace 1 ). Oxygen radicals and neutrophils were the first mediators to be implicated, however, their role now appears to be secondary. 2 More recently identified mediators are nitric oxide (NO) and mast cells. 3, 4 Our studies in rats demonstrated that the NO involved in IR injury was derived from NO synthase II (NOS II) and the use of NOS II inhibitors greatly improved survival of gastrocnemius skeletal muscle subjected to IR. 3 In ongoing IR studies it was revealed that NOS II protein was almost exclusively localized in mast cells, 5, 6 and that the number of markedly degranulated mast cells increased within hours of reperfusion. Recent studies by Gilchrist et al, 7 confirm the presence of NOS II protein and mRNA in rat peritoneal mast cells.
More recently, we and others have shown that skeletal muscles from mast cell-depleted/deficient mouse strain are remarkably resistant to IR injury compared with their normal littermates. 8, 9 In our laboratory, the IR-injured gastrocnemius muscle viability was 94% in mast cell-depleted (W f /W f ) mice compared to only 9% in control mice. 8 This observation was confirmed in a brief report by Mukundan et al 9 in the hind limbs of mast celldeficient (W/W v ) mice. Mast cells are heterogeneous and complex cells, packed with dense granules, capable of degranulation within seconds after activation and releasing mediators that activate numerous biological functions. They are most commonly known and studied for their roles in inflammation and allergic reactions. However, mast cells are important in other pathologies. 10 Indirect evidence implicate mast cells in IR injury of several tissues, including intestine 11 and more commonly heart. 12 However, the extent to which mast cells are involved in IR injury is not conclusively established in these studies using mast cell-depleted/deficient mice because they carry other deficiencies that may contribute to the results observed. In general, mast cell-deficient mice not only lack mast cells in all resident tissues (o10%), 13 but they are also anaemic, lack melanocytes and are sterile. A unique opportunity to study the role of mast cells in different pathologies is available by the use of mast cell-deficient mice. These mice arise from a natural mutation to the cell surface receptor c-kit, resulting in a lack of response to stem cell factor (SCF), which is important to the migration, proliferation, survival and maturation of cells. There are several strains of mast cell-deficient mice, the most commonly used are mast cell-deficient (W/W v ) mice that have several mutations of c-kit. In this study, we use the W f /W f strain in which c-kit contains a single-point mutation. The gastrocnemius muscles of these mice do not contain mast cells.
It is possible to engraft mast cell-depleted mice with littermate-derived bone marrow to restore the mast cell population. The replantation of mast cells into W/W v mice was first described by Kitamura et al, 13 15 weeks after transplanting bone marrow from control mice. In this study, mast cell density increased in several tissues to similar levels as in control mice. However, bone marrow transplantation leads to the correction of all haematological disorders associated with these mice, including anaemia and other nonmast cell-related deficiencies. As first discovered by Nakano et al, 14 
Cell Culture of BMMC and Engraftment
Mice were anaesthetized and the femurs on both sides harvested under aseptic conditions. The marrow was flushed from the femurs by injecting media into one end using a 23 gauge needle attached to a syringe. The harvested bone marrow was washed, spun and the cell suspension cultured in a 25 cm 2 culture flask at 1 Â 10 5 cell/ml. Cells were cultured in complete DMEM media (Gibco Lifetechnology, INVITROGEN) containing 10% foetal calf serum (FCS, CSL Ltd., Australia), 292 mg/ml glutamine (SIGMA Aldrich), 100 U/ml penicillin G and 100 mg/ml streptomycin sulphate (Gibco Lifetechnology, INVITROGEN) and with the addition of recombinant mouse interleukin-3 (IL-3) and recombinant mouse SCF (10 ng/ml and 12.5 ng/ml respectively, R&D Systems Inc.). Nonadherent cells were transferred weekly into fresh complete media containing SCF and IL-3. BMMC were derived for 4 weeks after which 495% appeared metachromatic with toluidine blue staining. Immunohistochemistry staining for c-kit receptor was carried out to confirm the proportion of mast cells in the BMMC. This analysis showed that 98.5% (total counted 1131 cells) were c-kit positive. BMMC were all homogenously round in shape and contained granules. 
Immunohistochemistry
BMMC were smeared onto poly-L-lysine slides and fixed with 4% paraformaldehyde for 1 min. After fixation, cells were rinsed in TBS þ 0.05% Tween 20 incubated with the primary antibody, CD117 (clone ACK45, PharMingen) at 20 mg/ml diluted in TBS þ 1% BSA for 1 h at RT. The cells were rinsed in TBS þ 0.05% Tween 20 and then incubated for 30 min at RT with rabbit anti-rat IgG conjugated to horseradish peroxidase (DAKO) diluted to 13 mg/ml in TBS. Cells were washed in TBS þ 0.05% Tween 20 and colour reaction formed with liquid DAB (DAKO). Cells incubated without primary antibody served as controls. None of the controls were immunolabelled.
Blood Analyses
Eye bleeds were collected for haematocrit (HCT) determination to assess the anaemia of W f /W f mice before and after engraftment of BMMCs. Blood was also taken from normal littermate and W f /W f mice. Whole blood assays were performed on a SYSMEX (FE 9000) automated machine at the Department of Pathology, St Vincent's Hospital, Melbourne.
IR Model in Mice
Mice were anaesthetized by intraperitoneal (i.p.) injection of 4% chloral hydrate (0.1 ml/10 g body weight), followed by i.p. injection of an analgesic to minimize postoperative pain. Warm ischaemia was induced by placing 2 Â size eight rubber bands (wound three times) high on the right hind limb of the mouse, well clear of the muscles of interest. Previous data show that this induces whole limb ischaemia and there is minimal blood flow to the muscle and bone. 3 During the 70 min ischaemia, a needle thermistor probe was inserted subcutaneously on the right leg, and the hind limb temperature was maintained at 36711C with a tungsten heating lamp. Controlled temperature was used during ischaemia to maintain consistency throughout experiments. Normal littermates, W f /W f and engrafted W f /W f mice underwent IR in pairs simultaneously to minimize day-to-day variation. After ischaemia, the bands were removed and the mice allowed to recover at normal room temperature for 24 h reperfusion (for muscle viability assessment by nitro blue tetrazolium (NBT) assay and morphology) or 3 days reperfusion (morphological assessment of necrotic fibres). After this period, the mice were reanaesthetized and the gastrocnemius, extensor digitorum longus (EDL) and soleus muscles were removed before the mouse was sacrificed. Muscles were weighed and their volume measured by fluid displacement. 19 Briefly, a small beaker was 2/3 filled with 0.9% NaCl. Taking care not to touch the edges of the beaker, the muscle was completely submerged while suspended on a thin thread. The weight of the fluid displacing the muscle was relative to the muscle volume (specific gravity of isotonic saline is 1.0048).
Muscle Viability
The nitro blue tetrazolium (NBT) assay was used to measure muscle viability in whole mounts of skeletal muscle. This histochemical assay labels mitochondrial oxidative enzyme activity with a blue reaction product. Muscles were sliced into five equal cross-sections immediately after they were removed. Two cross-sections systematically selected from different areas of the treated and contralateral muscles were placed into 0.033% NBT solution in PBS (SIGMA) and the reaction was started by the addition of 1.9 mM NADH in H 2 O (SIGMA). Incubation was carried out at room temperature for 20 min with constant agitation, after which muscle crosssections were immediately fixed in 10% buffered formal saline (BFS). Muscle cross-sections were analysed with the aid of a dissecting microscope ( Â 40 magnification). The proportion of viable tissue was calculated by standard point counting technique. A minimum of 100 points were counted for each muscle cross-section. Each of the four muscle cross-sections were viewed under Â 40 magnification with a grid overlay (10 Â 10) placed in the eyepiece. The number of points (line intersections) that fell on viable and nonviable fibres were counted and scored separately. The proportion of viable fibres was calculated for each face, summed up and averaged for each muscle. The proportion of viable tissue of treated vs contralateral muscles was then calculated for each mouse and the mean calculated for each group where n ¼ number of mice.
Histology
For histological analysis, all tissues were immersion-fixed for 24 h in 10% BFS, after which they were washed in PBS and processed routinely for embedding in paraffin. Sections 5 mm thick were cut, mounted and stained with haematoxylin and eosin (H&E).
Assessment of Necrotic Muscle
The gastrocnemius muscles from some mice underwent 70 min warm ischaemia followed by 3 days reperfusion (as described above). This longer period of reperfusion permits the necrotic muscle fibres to be clearly identified in H&E sections and this time point precedes muscle regeneration events. No regenerating fibres were observed in any of the specimens analysed. The percentage volume density of necrotic fibres, healthy fibres and extracellular space was assessed by point counting of H&E sections. Muscle cross-sections were viewed by microscopy and the image was captured on a highresolution monitor at a final magnification of Â 100 via a digital video camera (JVC, TK C1480E) attached to a microscope. A nine-point grid was computer generated using the CAST system (Olympus, Denmark) and overlaid on the microscope image. With the aid of an electronic stepping stage (H128, Prior Scientific, Rockland, USA) a series of systematic fields were sampled such that 25% of the specimen was assessed with a minimum of 200 points/specimen. The number of points falling on necrotic fibres/healthy fibres/extracellular space were counted and expressed as a percentage of the total number of points per section. In addition, tissue volume (expressed as microlitres) of necrotic fibres, healthy fibres and extracellular space was calculated by multiplying individual percentages (determined above) by gastrocnemius muscle volume.
Leucocyte Profiles
Leucocytes were counted from the gastrocnemius muscle from littermates, W f /W f and engrafted W f /W f mice that underwent 70 min ischaemia and 24 h reperfusion (n ¼ 3/group). With the aid of the microscope system as used above to assess for necrotic muscle, a minimum of 150 leucocytes were counted per specimen using the Â 60 objective.
Results were expressed as leucocyte profiles/mm 2 .
Mast Cell Staining
Histochemical staining with toluidine blue and chloroacetate esterase was performed to identify mast cells in tissues. For toluidine blue, 5 mm paraffin sections were stained for 5 min with 0.5% w/v toluidine blue, pH 3.0 (ProSciTech). Mast cells were clearly identified by their granules which exhibit metachromatic pink/purple staining. 20 Chloroacetate esterase specifically stains esterases in the mast cell granules. 21 The paraffin sections, once rehydrated, were incubated for 30 min in a freshly filtered sodium phosphate buffer solution containing 0.013% pararosanilin-HCl (SIGMA), 0.013% sodium nitrite (SIGMA) and 0.034% napthol AS-D chloroacetate (SIGMA) in N-dimethylformamide. After incubation, the sections were washed and counter-stained with haematoxylin for 5 min. Mast cells appear a brilliant red colour. With the aid of the microscope system as used above mast cell profiles in a minimum of 16 sections from each muscle were counted using the Â 40 objective.
Mast Cell Profiles in Reperfused Injured Muscle
Hind limbs of C57Bl/6 mice underwent warm ischaemia as described above. After 0, 0.5, 1, 2, 4, 8 and 24 h of reperfusion mice were sacrificed and skeletal muscles dissected. Gastrocnemius muscles were processed for histology as described above and sections were stained with toluidine blue. To correct for oedema, the percentage of muscle to extracellular space was calculated and mast cell profiles expressed as mast cells/mm 2 muscle. A minimum of 100 mast cells in each muscle were counted.
Statistical Analyses
one-way ANOVA followed by Student-Newman-Keuls post hoc analysis was performed. A probability level of Po0.05 was taken to indicate statistical significance.
Results

BMMC Engraftment of W f /W f Mice Restores IR Injury
The NBT assay was applied to whole mount crosssections of skeletal muscle that were exposed to 70 min ischaemia and 24 h reperfusion to determine mitochondrial activity and hence muscle viability. The gastrocnemius, soleus and EDL muscles were assayed in each group. Muscle viability was significantly reduced from an average of 7975% (W f / W f muscles) to 3777% (engrafted W f /W f muscles) and 2774% (normal littermate muscles) (pooled data from all muscle types tested). The results for each individual muscle type are shown in Figure 1 . In particular, the viability of gastrocnemius ( Figure  1b) and EDL (Figure 1c) 
Muscle Histology
Paraffin cross-sections of gastrocnemius muscle were stained with H&E for morphologic assessment. Representative photos show that after 24 h reperfusion, the muscle morphological appearance from normal littermates (Figure 2a) , W f /W f ( Figure 2b ) and engrafted W f /W f mice (Figure 2c ) was similar. In all groups only a small proportion of muscle fibres was necrotic and the majority of fibres appeared healthy. However, after 3 days reperfusion, the W f / W f muscle (Figure 2e ) contained a large proportion of healthy fibres and only a small proportion of necrotic and 'moth eaten' fibres. In comparison, the muscle from the normal littermate (Figure 2d ) and engrafted W f /W f mice (Figure 2f ) contained a large proportion of necrotic fibres and only a small number of healthy fibres. There was a similar degree of extracellular oedema and leucocyte infiltration between the three groups at 24 h and 3 day reperfusion.
Muscle Assessment after 3 Days Reperfusion
Muscle fibres in the gastrocnemius muscle were analysed after 3 days reperfusion to allow assessment of necrosis by histology (see Figure 3a and b) . The volume of each muscle was determined by fluid displacement and the volume density of viable and necrotic fibres and extracellular space were determined using point counting methodology. Based on the percent volume density (Figure 3a) f mice) was increased on average to five-fold that of their contralateral noninjured muscle. This was due to the extracellular oedema generated in response to IR. A similar result was found when the total volume of viable fibres, necrotic fibres and extracellular space was calculated ( Figure 3b ).
Leucocyte Profiles
Gastrocnemius muscle sections were analysed after 24 h reperfusion to count leucocyte profiles. There was no difference in leucocyte profiles/mm 
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ranging from 3 to 620 mast cell profiles/mm 2 ( Figure  4f ). This was considerably more than 1.470.3 mast cell profiles/mm 2 found in normal littermate spleen. Similarly, the engrafted W f /W f bone marrow had many more mast cell profiles than W f /W f and normal littermate bone marrow (data not shown).
Mast Cell Profiles in Reperfused Muscle
In order to determine whether mast cells are affected by IR, the numerical density of mast cells per unit area of muscle parenchyma of contralateral and injured gastrocnemius muscle at various times during 24 h reperfusion is shown in Figure 5 . In the gastrocnemius muscle of C57 mice, the numerical density of mast cells dropped significantly within 1 h of reperfusion, and then recovered to normal levels after a further 1 h and remained at this level for at least 24 h. In the contralateral leg, the numerical density of mast cells remained relatively unchanged during 24 h of reperfusion.
Discussion
Mast cells have previously been implicated in IR injury of skeletal muscle, however, the degree of their involvement is not clear. In order to confirm a causal role for mast cells in IR pathology, we In this study, we adopted the protocol of Lee et al, 17 who successfully engrafted BMMC into W/ W v mice, restoring the susceptibility to development of joint inflammation. Like Lee et al and others, 16 we were able to show that engrafting BMMC into W f /W f mice did not correct the anaemia of these mice as demonstrated by haematocrit values. Under these circumstances, it is paramount to confirm that only the mast cell deficiency has been restored since other deficiencies exhibited by W f /W f mice, such as anaemia, may also be corrected and be protective. Failure to correct anaemia in BMMC engrafted mice is accepted as an indication that other deficiencies are not corrected. 16, 17 Our seeding cell population was derived from cell culture of 495% toluidine blue positive and 98.5% c-kit positive mast cells. When taking into consideration the 'mast cell'-enriching conditions under which the bone marrow was cultured over a 4-week period and the failure of the injected population to correct anaemia it is unlikely that the remaining 5% of cells were other haematopoietic lineages. However, it is likely that these cells may have been mast cell precursors.
Successful engraftment of BMMC into W f /W f mice was confirmed by the presence of toluidine blue positive mast cells in the spleen, lung and skeletal muscles of these mice. Since to date, no mast cells have been detected in any of the W f /W f spleen, lung or skeletal muscle specimens without engraftment, our data indicate that the presence of even a small number of mast cells in the engrafted mice is significant. The wide range of numerical mast cell profile densities in the spleen has been recently reported; 22 however, studies generally only refer to the presence of mast cells, without indicating actual numbers. 14, 16, 17, 23 In one study by Kobayashi et al 18 mast cell numbers in lung of engrafted W/W v mice were reported to be half that normally found in littermates. Our study presents the first time evidence of engraftment of mast cells into skeletal muscles.
A recent study by Tanzola et al, revealed that engrafting of mast cells into tissues was dependent on the tissue and assessment time. 22 Engrafted mast cells were detected in bone marrow, lung and liver as early as 3 weeks after injection, but were not detected in skin until 28 weeks. Skeletal muscle was not assessed but, as with skin repopulation may take several months. Our study revealed mast cells in skeletal muscle after 12 weeks engraftment. Due to the current inability to identify mast cells in the circulation, 24, 25 we must speculate as to where the mast cells reside between the time of injection and detection. The possibility exists that the injected BMMCs are not the same mast cells visible in the skeletal muscle after 12 weeks. Even though 495% of the injected cells (total 1 Â 10 7 ) are toluidine blue positive, there are still 5 Â 10 5 that are not. It is possible that some of these cells are mast cell precursors, and are injected along with the BMMC, seeding the bone marrow. These cells could produce a second wave of engraftment at a much later date.
Our studies indicate that up to 85% of mast cells are lost within 1 h of reperfusion, this is most likely due to degranulation. Unlike our rat studies where even the most markedly degranulation mast cells could be detected with toluidine blue, 6 few such profiles were detected in the mouse. The rapid increase in toluidine blue positive mast cell density between 1 and 2 h of reperfusion was unexpected. The source of this increased number of mast cells is thought to be local, possibly via migration of connective tissue mast cells into the muscle parenchyma. Alternatively, there may be a toluidine negative mast cell population, already resident in the muscle parenchyma, which 'matures' to a toluidine blue positive phenotype. It is unlikely that 1 h of reperfusion is enough time for BMMC to become mobilized, repopulate the muscle and undergo maturation to a connective tissue phenotype. Nonspecific degranulation of mast cells and release of toxic mediators is thought to be one mechanism by which the muscle can be injured. The mechanism by which this type of degranulation is triggered warrants further investigation. These may include membrane attack complex (MAC)-mediated degranulation, as MAC has been previously implicated in IR injury, however, the mechanism is unknown. 2 Alternatively, the mast cells may be sublethally injured during the ischaemic phase and undergo degranulation as a result of this.
We have previously shown that polymorphic neutrophils (PMN) are not involved in IR injury to skeletal muscle. 26 Quantitative data generated by us (24 h reperfusion) and Kanwar et al 27 (1 h reperfusion) support this by demonstrating there is no difference in neutrophil extravasation. In a qualitative study by Mukundan et al 9 neutrophil margination and extravasation was reported to be present in littermates but the involvement in W/W v mice is not clear. In our experience, minimal extravasation occurs at 3 h reperfusion, the degree of which is difficult to interpret qualitatively because the presence of oedema gives the appearance of decreased cellularity in the tissue. However, it is possible that mast cell depletion results in delayed PMN extravasation (evident at 3 h and not 24 h reperfusion).
The role of circulating or resident mast cells and the elucidation of direct and/or indirect mechanisms of action are a complex and challenging field, and we are still a long way from understanding them. The acceptance that mast cells are involved in significant pathologies other than allergies and asthma is increasing rapidly. 10, 28 The involvement of mast cells in IR injury is a crucial finding, as to date there is no therapeutic target to treat or prevent this type of injury.
IR injury is a frequently encountered clinical problem which occurs as a consequence of transplantation and replantation surgery or as a complication of vascular and cardiovascular disease affecting many organs including the heart. 29 It is clear that mast cells play a pivotal role in many pathologies with manifestations other than histamine release. The current data using engraftment models indicate that mast cells activate other inflammatory cells to cause injury and release injurious mediators into the circulation to cause indirect effects or may directly cause injury. It has been shown by Boros et al 11 that mast cell degranulation prior to ischaemia is a protective mechanism in the intestine and can decrease the IR injury. In this study, we show conclusive evidence for a pivotal role of mast cells in IR injury of skeletal muscle. Mast cell manipulation using therapeutic agents would be a logical step towards clinical management of IR injury.
